InSb nanowire double quantum dots coupled to a superconducting microwave cavity By employing a micrometer precision mechanical transfer technique, we embed individual InSb nanowires into a superconducting coplanar waveguide resonator. We investigate the characteristics of a double quantum dot formed in an InSb nanowire interacting with a single mode microwave field. The charge stability diagram can be obtained from the amplitude and phase response of the resonator independently from the dc transport measurement. As the charge transits between dot-dot, or dot-lead, the change of resonator transmission is compared and the charge-cavity coupling strength is extracted to be in the magnitude of several MHz. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4950764] A microwave transmission line cavity can be used as a quantum bus allowing the coupling of different qubit systems on a single chip. Such coupling is already well established in superconducting qubits, 1, 2 and there is now interest in including other qubit systems such as nuclear spins 3, 4 or electron spins. [5] [6] [7] [8] [9] [10] [11] [12] A hybrid circuit quantum electrodynamics (cQED) device combining superconducting qubits with spin qubits could exploit the strengths and mitigate the weaknesses of each to create a quantum processor, for example, using the superconducting qubit for fast manipulation and the quantum dot (QD) spin qubit as a quantum memory with long coherence time. The coupling of the electron spin to the cavity field is theoretically suggested to be achieved through spin-orbit interaction 13 or the use of a slanting Zeeman field 14 provided by micromagnets placed in proximity to the QD device.
Microwave cavities coupled to QD devices have been realized using gate defined GaAs QDs, 5, 6 InAs nanowire QDs, 7 carbon nanotubes, [8] [9] [10] 12 and Graphene QDs. 11 To date, studies mostly have focused upon the dipole charge coupling of QD and cavity. InSb nanowires exhibit large g-factor and strong spin-orbit interaction, [15] [16] [17] [18] making them a promising candidate to construct the hybrid QD-cavity architecture which can be operated in a small magnetic field to realize the potential strong spin coupling regime in which photon-charge coupling strength exceeds the cavity internal loss and the qubit decoherence rate. Here, we demonstrate a mechanical transfer technique to align single nanowires with micron accuracy onto prefabricated surface gates followed with one step lithography for the contact electrodes and the microwave cavity. This method ensures a high fabrication yield of hybrid devices in which the nanowire interacts with the strongest microwave field. A double QD is formed in the InSb nanowire with predefined local electric gates. The charge state is read out from the amplitude and phase response of resonator as well as the dc transport measurement. The frequency shift and linewidth broadening of the resonator are also compared when charge transits between dot-dot, or dot-lead.
We accurately position single nanowires onto prefabricated gate electrodes using a Polyvinyl alcohol/Poly(methyl methacrylate) (PVA/PMMA) polymer bilayer technique similar to that developed to prepare stacked graphene devices. 19 The process is fully detailed in the supplementary material 20 but is briefly described here. First single nanowires are transferred from the growth substrate to a polymer stack of PVA/PMMA on a silicon substrate using a micromanipulator with sharp tungsten probe coated in indium. 21 The PMMA layer is peeled from the PVA coated silicon substrate producing a free standing PMMA film which is aligned over the device substrate using a homemade micromanipulator alignment system. The PMMA film is brought into contact with the device substrate and heated to 150 C fixing the film into place. Finally, the PMMA is stripped with acetone and sample processing of contacts continues with conventional electron beam lithography and sputter deposition. We note that the transfer of single wires using the microprobe can be performed directly to prefabricated gates as reported by Kilian et al.; 21 however, we found a higher yield of accurate alignment from the PMMA method detailed here; as prior to heating the film, the alignment can be repeated (by pulling the film from the surface and repeating alignment) until the desired accuracy is achieved.
Our device consists of a pair of InSb nanowires used to form double QDs positioned at the ends of a half wavelength transmission line cavity as shown in Fig. 1 . Nanowires are positioned across the transmission line gap with source contacted to the signal line and drain connected to the resonator ground plane. The prefabricated gate electrodes have a pitch of 100 nm and are covered with a nominal 30 nm thick PECVD grown Si 3 N 4 dielectric layer. A dc bias is supplied to the nanowire using an inductor placed at the center of the cavity to avoid the microwave leakage from the dc port (and hence maintain the high quality of the resonator). In this study, we focus on the detection of the electron state and the a) Electronic mail: russell@riken.jp 0003-6951/2016/108(20)/203502/4/$30.00
Published by AIP Publishing. 108, 203502-1 APPLIED PHYSICS LETTERS 108, 203502 (2016) charge dipole coupling of only one nanowire, and the other is pinched off by applying negative voltage to all gates. Measurements are performed in a He 3 -He 4 dilution refrigerator with a base temperature of $30 mK. The cavity transmission is measured using a cryogenic HEMT amplifier, a chain of room temperature amplifiers, and a vector network analyzer. 20 The double QD is formed by introducing local potential barriers along the InSb nanowires with gates nearby the source/drain and in the center (denoted as V SG ,V DG ,V MG , respectively). The barriers determine the confinement of charges in each dot, and the middle gate is used to tune the interdot coupling rate (t c ). The chemical potential of each QD is controlled by plunger gates (V p1 , V p2 ). During the RF measurement, the dc bias is set to zero, and the RF power at the input port of the resonator is À86dBm (corresponding to approximately 1000 s of cavity photons). The transmission power spectrum of the bare resonator (when QDs are in the coulomb blockade) shows a Lorentzian peak (blue line, Fig. 2(a) ). The single mode microwave frequency is at f 0 ¼ 6:0749 GHz with a linewidth of j=2p $ 750 KHz, corresponding to a loaded quality (Q) factor of 8000 which is limited by the cavity internal loss and the input/output capacitive coupling. The averaged life time (1/j) of photons trapped in the cavity exceeds 200 ns. In comparison, the resonance of the microwave cavity shows a damped peak when QDs are in the charge degeneracy regime (red line, Fig. 2(a) ), while the phase signal (red line, Fig. 2(b) ) displays both a decrease of central frequency and Q-factor. These results indicate that the resonator transmission is sensitive to the charge states of the QDs. Figs. 2(c) and 2(d) show the variation of amplitude and phase signal, respectively, of the resonator driven at the bare load frequency, f 0 . Each diagram displays a similar honeycomb structure as a function of V p1 and V p2 , indicating a readout of the charge states of the QDs in good agreement with previous reports on other QDcavity systems. 8, 10 In Figs. 3(a) and 3(b) , we present charge stability diagrams plotted as the variation of amplitude and phase with the interdot tunnelling rate reduced relative to that in Fig. 2 by applying a lower barrier gate voltage, V MG ¼ 0:47 V. The charging energy of each QD and the capacitive lever-arm (a p1 ; a p2 ) of each plunger gate can be extracted from the dc-transport measurements 22 (see supplementary material 20 ) . The capacitive coupling between the two QDs varies with the charge state of QD1 as indicated by the change of the length of the interdot tunnelling lines (marked by the yellow double arrows in Fig. 3(a) ). The transmission spectrum is investigated using two sets of vector gate sweeps as illustrated with arrows in Fig. 3(b) . First, the plunger gates are swept across one QD charging line (blue arrow in Fig. 3(b) ), while the tunnelling rate between the QD and the adjacent reservoir changes as the chemical potential of the QD is shifted by l 1ð2Þ ¼ a p1ð2Þ ᭝V p1ð2Þ . The black and red arrows perpendicular to the interdot lines indicate a set of gate sweeps for which the energy detuning between the QDs is tuned by e ¼ l 1 À l 2 , while the mean chemical potential (l mean ¼ l 1 þ l 2 ) is fixed. All the resonator spectra measured as a function of probe frequency show a Lorentzian shape (see supplementary material 20 ). The frequency shift (df) and linewidth variation (j Ã /2p) as a function of e and l are plotted in Figs. 3(c) and 3(d) , respectively. The energy scale is normalized, and the results are vertically offset for clarity in both plots (details shown in figure caption). A pronounced negative frequency shift is observed when the gate voltage is set on the interdot tunnelling line where e ¼ 0 as shown by black and red open dots in Fig. 3(c) . The coupled double QD can be interpreted as a charge qubit encoded by the bonding/ antibonding states. 22 The double QD embedded in the microcavity is capacitively coupled to the microwave photons with a Jaynes-Cummings type interaction. 1, 23 Taking into account the charge qubit decoherence rate c tot ¼ c e =2 þ c / (c e and c / are the energy relaxation and dephasing rate, respectively), 7,24 the strength of photon-qubit interaction is characterized by the double QD susceptibility to the microwave field 7, 12 
X is the effective dipole-photon coupling strength. ᭝ ¼ X À hf 0 is the double QD-cavity detuning, and X ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi e 2 þ 4t 2 c p and t c are the interdot tunnelling rate. The central frequency of the resonator is shifted by Re(g c v), and the linewidth is broadened by 2Im(g c v). The observed negative frequency shift indicates that the minimal interdot tunnelling coupling strength of charge qubit, 2t c ¼ Xðe ¼ 0Þ, is larger than the resonator photon energy according to Eq. (1). With a coupling strength of g 0 =2p ¼ 14 MHz, the best fit to all data gives the interdot coupling rate around 7 GHz, which is comparable with previous reports on other double QD systems. 5, 7, 10 It is worthwhile to point out that as t c becomes smaller, we observe not only a larger negative frequency shift ( Fig. 3(c) ) but also a clear linewidth broadening ( Fig. 3(d) ) due to the charge qubit decoherence. Assuming a typical energy relaxation rate of 100 MHz of a charge dipole qubit, [24] [25] [26] our result allows estimation of the charge imhomogeneous dephasing rate c / ¼ 1 $ 4 GHz, which significantly exceeds the coupling strength and is likely attributed to slow charge noise. 5, 27 In contrast to the case of interdot tunnelling, the central frequency and linewidth of the resonator show negligible variation when electrons transit between one QD and reservoir (blue open dots in Figs. 3(c) and 3(d) ). To interpret the results, the double QD is commonly treated as a parallel RC circuit connecting to a RF sensor as shown in Fig. 4(d) . The change of amplitude and phase of the RF signal responds to the dynamical admittance of double QD 8, 29, 30 YðxÞ
where R dot and C dot are the effective resistance and capacitance of the double QD, which are determined by the capacitive coupling strength (a 1ð2Þ ) between each QD and the RF line as well as the ratio of charge transition rate over the microwave frequency (f 0 =s) described by a scattering matrix model. 28, 29, 31, 32 This model has been applied to sensors using the reflectometry technique for fast readout of the charge or spin state of various single or double QD devices. 7, 10, [33] [34] [35] The charging lines on QD2 (Figs. 2(c) and 3(a)) are clear because the transmission line is close to QD2 with a large capacitive coupling strength while QD1, being further away, has a weaker coupling. The change in phase shift signal is always negligible perhaps due to the charge transition rate between QD and transmission line being low. Previous studies have demonstrated that the phase response will be enhanced by increasing the tunnelling rate at the contact. 10, 29 Figs. 4(a) and 4(b) show the amplitude and phase response of the resonator when a large V p2 is applied, and now, the charging lines of both QDs are observed. In contrast, in the dc transport presented in Fig. 4(c) , the current at the triple points and the charging lines of QD1 are more prominent because the tunnelling rate through QD2 is now comparatively high. The results indicate that the mechanisms of dc transport and RF detection are different. Note that dc current carriers need to transport through both QDs, while for RF detection, the charges only need transit between a lead and The red solid line is a fitting with a scattering matrix approach. 28 either QD. The effective capacitor C dot causes a shift of frequency df % À C dot f 0 =ð2C res Þ, where C res ¼ 0.8 pF is the resonator capacitor. 36 As the plunger gates sweep across one charging line of QD2 (indicated by the arrow in Fig. 4(b) ), the tunnelling rate between QD2 and reservoir is tuned and the frequency displays a negative shift ( Fig. 4(d) ). With a parameter a ¼ 0.03, the fitting gives C dot of approximately 30 aF and the tunnelling rate between QD2 and lead is estimated as approximately 8 GHz. We also observe slight positive phase shifts on some of the charging lines as shown in Fig. 4(b) , which indicates the crossover of capacitive and inductive response as the charge state of the QDs changes. A plausible mechanism is that tunnelling barrier at the contacts is modified as the gate voltage sweeps. As the tunneling rate decreases lower than the microwave frequency, the dwell time of the electron in the QD increases beyond the microwave period. The electron cannot follow the field drive any more, presenting an inductive behaviour. Our observation is consistent with the work reported by Frey et al. who demonstrated the inductive response of a GaAs double QD coupled to a microwave cavity. 29 Most of the charging lines of QD1 in Fig. 4 are slightly brighter, indicating the inductive behaviour while most of the charging lines of QD2 show negative phase (or frequency) shift attributed to the capacitive response. These results are also consistent with the indications from dc transport that the QD2 exhibits larger electron transition rate with the lead. In summary, we embed individual InSb nanowires into a coplanar waveguide microcavity by developing a mechanical transfer technique, which is applicable to other selfassembled nanowires. The microwave resonator is exploited as a nondemolition sensor to read out the charge state of double QDs formed in the nanowires. The charge dipole in the double QD interacting with microwave photons and the dynamic admittance of the QD circuit is analyzed and interpreted with different mechanisms. Such hybrid architecture will be used as a platform for future research on the spincavity coupling.
